Human T-cell leukaemia virus type-1 (HTLV-1) infection causes adult T-cell leukaemia (ATL). The viral protein HTLV-1 bZIP factor (HBZ) is constitutively expressed in ATL cells, suggesting that HBZ plays a major role in the pathogenesis of HTLV-1-associated disease. Here, we identified centromere protein B (CENP-B) as a novel interacting partner of HBZ. HBZ and CENP-B associate with their central regions in cells. Furthermore, overexpression of HBZ abrogated the DNA-binding activity of CENP-B to the a-satellite DNA region containing the CENP-B box motif, which in turn inhibited the CENP-B-mediated trimethylation of histone H3K9 in T-cells.
Human T-cell leukaemia virus type-1 (HTLV-1) belongs to the retrovirus family and it is the aetiological agent of adult T-cell leukaemia (ATL) (Uchiyama, 1997; Yasunaga & Matsuoka, 2011) . Currently, there is no effective treatment for HTLV-1-associated diseases because the underlying mechanisms of HTLV-1-mediated oncogenesis have not been elucidated yet. Like all retroviruses, the HTLV-1 genome encodes structural and enzymic genes necessary for viral replication and is flanked by two long terminal repeats (LTRs) (Yasunaga & Matsuoka, 2011) . In addition, a characteristic of the HTLV-1 genome is the presence of the pX region between env and the 39-LTR (Yasunaga & Matsuoka, 2011) . The HTLV-1-derived factor Tax that is encoded by the pX region of HTLV-1 has been reported to contribute to cellular immortalization and transformation of HTLV-1-infected cells (Yoshida, 2001 (Yoshida, , 2005 Hasegawa et al., 2006; Simonis et al., 2012; Ohsugi et al., 2013) . However, the Tax protein could not be detected in more than half of ATL cells due to deletion or mutation of the tax gene and hypermethylation of the 59-LTR (Tamiya et al., 1996; Takeda et al., 2004; Taniguchi et al., 2005) . Thus, Tax may be required to increase infected cells at the initial oncogenic stage but it is not necessary during the later stage. The HTLV-1 bZIP factor (HBZ) gene is transcribed from the 39-LTR in the pX region (Gaudray et al., 2002; Yasunaga & Matsuoka, 2011) . Interestingly, HBZ differs from the other HTLV-1 genes including the tax gene in that it is constitutively expressed in ATL cells (Satou et al., 2006) , thus suggesting that HBZ may be important for the HTLV-1-related pathogenesis, but its function in cells is not yet clear.
Using the yeast two-hybrid system to screen for HBZinteracting partners, we identified a centromere component of centrosomes, centromere protein B (CENP-B). Knockout analysis of CENP-B in mice resulted in a decrease in testis size and body weight, but it was not indicated to be lethal (Hudson et al., 1998; Kapoor et al., 1998; Perez-Castro et al., 1998) . Moreover, CENP-B has been reported to enhance the methylation of both histone and DNA, thereby stimulating heterochromatin formation and promoting transcriptional gene repression (Okada et al., 2007) . To confirm that the interaction between CENP-B and HBZ also occurs in transiently transfected HEK-293T cells, co-immunoprecipitation (Co-IP) analysis was performed as previously described (Mukai & Ohshima, 2014) . It is well known that two HBZ transcripts, an unspliced form and a spliced form, are expressed in HTLV-1-infected cells (Murata et al., 2006) . In this study, we used the unspliced form of HBZ. Fig. 1(a) shows that the band reactive to the FLAG antibody corresponded to CENP-B (top panel, lane 2). In addition, we examined whether both endogenous HBZ and CENP-B interacted in HTLV-1-infected cells. Cell lysates were immunoprecipitated with an anti-CENP-B antibody and analysed by immunoblotting with an anti-HBZ antibody. As shown in Fig. 1(b) , the interaction between HBZ and CENP-B was detected in the ATL cell line, MT-1 cells (top panel, lane 2), but not in the HTLV-1-uninfected cell line, Jurkat cells (top panel, lane 1). These data indicated that HBZ interacts with CENP-B in mammalian cells. To determine the domain within CENP-B and HBZ responsible for the interaction, we constructed deletion mutants of CENP-B and HBZ (Fig. 1c, d ) and performed a Co-IP assay. As shown in Fig. 1(e detected in the immunocomplexes isolated from cell lysates producing HBZ-full-length (HBZ-full) and HBZ-N2 (Fig. 1f , top panel, lanes 2 and 4), but not HBZ-N1 or HBZ-C (Fig. 1f , top panel, lanes 3 and 5). Therefore, our data suggested that HBZ and CENP-B interact via their central regions. 
Role of HBZ in suppression of CENP-B function
The CENP-B protein possesses a DNA-binding domain and a dimerization domain in its N-terminal region and Cterminal region, respectively (Fig. 1c) (Kitagawa et al., 1995) . Furthermore, it is well known that CENP-B binds as a homodimer to a specific 17 bp sequence called the CENP-B box which is present in human a-satellite DNA region of the kinetochore (Kitagawa et al., 1995) . Thus, we postulated that the function of CENP-B may be affected by its interaction with HBZ. First, we tested whether HBZ affected the homodimerization of CENP-B using the Co-IP assay (Fig.  2a) . The dimerization levels of FLAG-CENP-B and Myc-CENP-B were decreased in cells overexpressing HA-CENP-B as a competitive control (top panel, lanes 2 vs 3), whereas such an effect was not observed in cells overexpressing HBZ-HA (top panel, lanes 2 vs 4). These results indicated that the binding of HBZ to CENP-B did not downregulate the ability of CENP-B to form homodimers. Next, we investigated whether HBZ altered the DNA-binding activity of CENP-B using the DNA affinity precipitation assay as previously described (Ohshima et al., 2010) . HEK-293T cells were transfected with plasmid expressing HBZ-full-length or HBZ mutants together with CENP-B expression vector. Then, cell lysates were incubated with 59-biotinylated nonspecific DNA sequence (ns-Bio; 59-GCCTTCGTTGGAAA-CGGGATT-39) (Fig. 2b, lane 3 We next investigated the effect of HBZ on the interaction of CENP-B with a chromatinized DNA template using the chromatin immunoprecipitation (ChIP) assay as recommended by the manufacturer (Upstate Biotechnology) with minor changes. This ChIP assay was performed by using antibody recognizing FLAG (Fig. 3a , middle and bottom panels) or no antibody (Fig. 3a, top panels) as a negative control. The immunoprecipitated DNA was amplified by semiquantitative PCR. When HBZ and CENP-B were coexpressed in HEK-293T cells, the level of CENP-B binding to the CENP-B box DNA region was significantly reduced compared with expression of CENP-B alone in cells (Fig.  3a , left panels 2 vs 3, and Fig. 3b ). These data suggested that HBZ inhibits CENP-B binding to a-satellite DNA including the CENP-B box region.
Recent studies have focused on CENP-B-mediated changes in chromatin structure through post-translational modifications, such as phosphorylation, acetylation, and methylation (Kitagawa et al., 1995; Nakano et al., 2003; Tanaka et al., 2005) . In fact, it has been reported that the overproduction of CENP-B in cells enhances histone H3 Lys9 (H3K9) trimethylation in the a-satellite DNA region containing the CENP-B box (Okada et al., 2007) . To examine whether HBZ modulates the trimethylation of H3K9, we analysed the trimethylation level of H3K9 in the a-satellite DNA region by ChIP assay using the specific anti-trimethyl-H3K9 antibody. As a positive control, we showed that the level of trimethylated H3K9 within the a-satellite DNA region was increased in NIH3T3 cells that overexpressed the H3K9-specific methyltransferase, SUV39H1 (Fig. S1a , left panels, and S1b, available in the online Supplementary Material).
The amount of trimethylation of H3K9 within the a-satellite DNA region in chromosome 7 increased in NIH3T3 cells that overexpressed CENP-B (Fig. 3c , left panels 1 vs 2, and Fig. 3d ). On the other hand, expression of CENP-B together with HBZ did not change the trimethylation level of H3K9 compared with control cells (Fig. 3c , left panels 1 vs 3, and Fig. 3d) . It is well known that CENP-B increases trimethylation of H3K9 by recruiting SUV39H1 to the DNA (Okada et al., 2007) . We investigated whether inhibition of DNAbinding activity of CENP-B by HBZ causes a reduction in SUV39H1 recruitment to the a-satellite DNA region. As a result, when NIH3T3 cells were co-expressed with SUV39H1 and HBZ, the amount of SUV39H1 within the a-satellite DNA region was decreased compared with the expression of SUV39H1 alone in cells (Fig. S2A , left panels 2 vs 3, and S2B). These results suggested that the suppression of H3K9 trimethylation by HBZ may result from inhibiting CENP-Bdependent recruitment of SUV39H1 to the a-satellite DNA region. In a previous study, we established a human Tlymphocyte cell line, Jurkat cells, stably expressing HBZ or empty vector using lentivirus-based expression system (Mukai & Ohshima, 2014) . To investigate the changes in the level of H3K9 trimethylation by expressing HBZ in T-cell lines, we performed a ChIP assay using these cell lines. The amount of trimethylation of H3K9 was significantly reduced in the Jurkat cells stably expressing HBZ compared with control Jurkat cells (Fig. 3e , left panels, and Fig. 3f ). Moreover, we examined whether the H3K9 trimethylation level in the a-satellite DNA region decreased in the HTLV-1-infected cell line, MT-1 cells, related to the HTLV-1-uninfected cell line, Jurkat cells. As shown in Fig. 3(g, h) , the level of H3K9 trimethylation in the a-satellite DNA region was reduced in HTLV-1-infected cells compared with HTLV-1-uninfected cells. Taken together, our results indicated that suppression of binding ability of CENP-B to CENP-B box by HBZ may play an important role in the depression in CENP-B-mediated trimethylation of H3K9. The trimethylation of H3K9 has a well-established role in heterochromatin formation and gene silencing (Okada et al., 2007) . Therefore, perturbation of transactivation due to the abnormal H3K9 trimethylation levels could contribute to oncogenesis. Indeed, the correlation between abnormal trimethylation of H3K9 and tumour progression has been reported in several cancers (Nguyen et al., 2002; Park et al., 2008; Tanaka et al., 2012) . Our data support the notion that HBZ disrupts the function of host cells by controlling histone modification and contributes to the development of ATL. Fig. 3 . HBZ regulates the trimethylation of histone H3K9 which contains an a-satellite DNA region. Cells expressing the indicated constructs were prepared 48 h after plasmid transfection and subjected to ChIP using either an anti-FLAG antibody (a) (M2, Sigma) or an anti-trimethyl H3K9 antibody (c, e, g) (MA308A, Takara). Genomic input (right panels) and ChIP samples (left panels) (a, c, e, g) were analysed by semiquantitative PCR of chromosome 7-specific a-satellite DNA (a-sate.) with the resulting PCR products separated by electrophoresis on a 1.5 % agarose gel. Densitometric quantification (b, d, f, h) of a-sate.
(ChIP samples) levels are shown in arbitrary units normalized to the a-sate. (genomic input samples) as a loading control. Each value represents the mean of triplicate experiment±SE (*, P value ,0.05; **, P value ,0.01). FLAG-CENP-B was expressed alone or in conjunction with HBZ in HEK-293T cells (a) and NIH3T3 cells (c). Jurkat cells carrying an empty vector or stably expressing HBZ (e) and Jurkat and MT-1 cells (g) were all analysed as described above. All constructs were ectopically expressed from plasmid vectors, while an empty plasmid vector acted as a control.
